INTRODUCTION
============

In recent decades, the prevalence of atopic dermatitis has increased considerably,[@B1],[@B2] especially among children in well-developed countries.[@B3] The incidence of childhood obesity has also shown a similar trend to atopic dermatitis, leading to suggestions of a causal link between childhood obesity and atopic dermatitis.[@B4] Obesity is known to be implicated in several types of non-communicable diseases, such as metabolic and allergic diseases.[@B5] In fact, there has been accumulating clinical evidence for an association between childhood obesity and atopic dermatitis.[@B6],[@B7],[@B8] However, few conclusive findings have been reported due to possible biases and confounding factors.

Recently, we developed a rat model of atopic dermatitis, produced by neonatal capsaicin treatment.[@B9] Neonatal capsaicin treatment resulted in not only scratching behaviors and pruritic dermatitis, in a relapsing manner, but also pathophysiological changes in the skin, such as a deficiency in epidermal filaggrin expression and increased numbers of mast cells. Additionally, dermatitic rats showed higher levels of serum IgE and skin nerve growth factor (NGF).

The size of the litter in which pups are reared strongly affects their postnatal growth; rat litter size was shown to be inversely related to individual body weight at weaning and throughout adulthood.[@B10] Thus, an artificial reduction in litter size after birth can be used to induce a form of obesity in juvenile rats.

Adipose tissue secretes adipokines, such as leptin and adiponectin. Leptin is known to be upregulated in obesity and associated with inflammation due to its proinflammatory actions. Indeed, serum levels of leptin were associated positively with the prevalence of atopic dermatitis in children[@B11] and adults.[@B12] At the same time, obesity is known to decrease the secretion of adiponectin, a factor with known anti-inflammatory actions.[@B13],[@B14] Interestingly, adiponectin has been known to relieve allergic inflammation and hyperresponsiveness,[@B15] leading to the hypothesis that the reduction in adiponectin caused by obesity could aggravate the signs of atopic dermatitis.

In the present study, we examined whether juvenile obesity, induced by a reduction in litter size aggravated the signs of atopic dermatitis in our rat model[@B9] and, if so, whether this aggravation was associated with changes in serum levels of leptin and adiponectin.

MATERIALS AND METHODS
=====================

Animals and litter manipulation
-------------------------------

All experiments were approved by the Korea University College of Medicine Animal Research Policies Committee (KUIACUC-2009-134). Pregnant Sprague-Dawley rats were obtained 1 week before parturition and allowed to deliver. Within 6 hours after the birth of the last pup, all pups were removed from their dams and randomly reallocated to form litters of 5 (small litter, SL group) and 15 (large litter, LL group). Following pup reallocation, the litters were individually weighed weekly until 6 weeks after birth. Pups were separated into same-sex littermate pairs and housed in groups of 3 or 4 after weaning at postnatal week 3 (P3W). Only males were used in the present study due to the effects of the estrous cycle on itch behaviors. All animals were reared in a room maintained under a 12:12-hours light/dark cycle (lights on at 07:00 am) and at 22-25℃ with access to food and water *ad libitum*.

Neonatal treatment of capsaicin
-------------------------------

As described previously,[@B9] newborn rat pups were injected subcutaneously within 48 hours of birth with capsaicin (50 mg/kg, Sigma) or vehicle (saline containing 10% Tween 80 and 10% ethanol) at a volume of 10 µL/g body weight.

Evaluation of cutaneous lesions
-------------------------------

Cutaneous lesions were compared between the SL and LL groups. Cutaneous lesions were assessed by scoring under gas anesthesia, as described previously.[@B16] Briefly, the skin condition in 3 regions (face, ears, and back) was scored with the following criteria: for face and back, 0 (normal), 1 (wispy fur), 2 (alopecia and flare) or 3 (bleeding or ulcerative lesion) points and for the ears, 0 (normal), 1 (flare), 2 (bleeding) or 3 (loss of part of the ear) points. The sum of the scores in the 3 regions was deemed the dermatitis score for each rat.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

Levels of serum IgE, adiponectin and leptin, and NGF in the skin samples were compared between the SL and LL groups. Serum IgE, adiponectin and leptin, and NGF in the skin samples were quantified using a rat IgE ELISA kit (Bethyl Laboratories, Montgomery, USA), a rat leptin ELISA kit (CUSABIO, Wuhan, China), a rat adiponectin ELISA kit (Invitrogen, CA, USA), and a NGF sandwich ELISA kit, ChemiKine (EMD Millipore, MA, USA), respectively, according to the manufacturers\' protocols.

Quantitative real-time PCR analysis of cytokines
------------------------------------------------

Total RNA was extracted from homogenized skin tissue with the TRIzol reagent and reverse-transcribed into cDNA using M-MLV reverse transcriptase (Invitrogen). Quantitative real-time PCR was carried out with SYBR Green in Applied Biosystems 7500 Real-Time PCR System (Applied Biosystems, CA, USA), using the following primers: rat IL-1β (forward 5\'-CTCCATGAGCTTTGTACAAG-3\' and reverse 5\'-TGCTGATGTACCAGTTGGGG-3\'), IL-4 (forward 5\'-CGTGATGTACCTCCGTGCTT-3\' and reverse 5\'-TTCAGTGTTGTGAGCGTGGA-3\'), IL-5 (forward 5\'-GAGGGGGCACTGTGGAAATA-3\' and reverse 5\'-ACTCATCACGCCAAGGAACT-3\'), IL-6 (forward 5\'-GCCCTTCAGGAACAGCTATG-3\' and reverse 5\'-CAGAATTGCCATTGCACAAC-3\'), IL-10 (forward 5\'-CCTGGTAGAAGTGATGCCCC-3\' and reverse 5\'-TGCTCCACTGCCTTGCTTTT-3\'), IL-13 (forward 5\'-CCTGGAATCCCTGACCAACA-3\' and reverse 5\'-GCCATAGCGGAAAAGTTGCT-3\'), IL-31 (forward 5\'-CTCCAAAGTAGACCTGCCCG-3\' and reverse 5\'-ACATGGCTAGTTACGACGGC-3\'), IL-33 (forward 5\'-GCCCTGAGCACATACAACGA-3\' and reverse 5\'-ACCGTCTCCTGATTGTGCAG-3\') and TNF-α (forward 5\'-GAAAGTCAGCCTCCTCTCCG-3\' and reverse 5\'-CTCCAAAGTAGACCTGCCCG-3\'). Experiments were conducted in duplicate. Relative expression of each target gene was quantified by the 2-ΔΔCt method, normalizing each gene expression to GAPDH (forward 5\'-ACTTTGGCATCGTGGAAGGG-3\' and reverse 5\'-ACATTGGGGGTAGGAACACG-3\'). Data were expressed in arbitrary units, as a fold-increase in the SL group compared with the LL group.

Statistical analysis
--------------------

All data are presented as means±SEMs. Statistical significances were analyzed using Student\'s *t*-test or the Mann-Whitney rank sum test, depending on the normality test. A difference of *P*\<0.05 was considered to indicate statistical significance. All statistical analyses were carried out using Sigma Stat (ver. 3.5; Systat Software Inc., IL, USA).

RESULTS
=======

Effect of litter size on body weight
------------------------------------

To examine whether litter size would affect the body weight, we compared body weights between the SL and LL groups. The rat pups raised in the SL group weighed heavier during a period of P2W to P6W compared with the LL group ([Fig. 1A](#F1){ref-type="fig"}); from P2W to P6W, the average body weight of rat pups in the SL group was consistently over 120% of those in the LL group. From P1W to P3W, body weights were heavier in the SL group than in the LL group ([Fig. 1B](#F1){ref-type="fig"}). These results suggest that litter size is inversely related to body weight.

Cutaneous lesions of the SL and LL groups
-----------------------------------------

As we reported previously,[@B9] neonatal capsaicin treatment induced scratching behaviors and pruritic dermatitis characterized by cutaneous lesions, such as alopecia, superficial erosion, deep excoriation, hemorrhages, and scars. Cutaneous lesions were detected primarily around the head, neck, upper forelimbs, and rostral back regions. As illustrated in [Fig. 1C](#F1){ref-type="fig"}, cutaneous lesions in the SL rats first appeared at P4W, while those in the LL animals were not detected until P5W. Additionally, from P4W to P6W, cutaneous lesions were significantly more robust in the SL group than in the LL group, as shown by the consistently higher dermatitis score. At P5W, the number of robust regions was larger in the SL group than in the LL group ([Fig. 1D](#F1){ref-type="fig"}). These results suggest that juvenile obesity may aggravate the signs of atopic dermatitis.

Serum IgE and skin NGF
----------------------

Next, we investigated biochemical changes related to atopic dermatitis, such as serum IgE and skin NGF. At P1W, P2W, P4W, and P.6W, serum IgE levels were significantly higher in the SL group than in the LL group ([Fig. 2A](#F2){ref-type="fig"}). At P1W, P2W, and P4W, The tissue NGF levels of back skin samples were also significantly higher in the SL group than in the LL group ([Fig. 2B](#F2){ref-type="fig"}). These data also suggest that juvenile obesity exacerbates the biochemical signs of atopic dermatitis.

Serum leptin and adiponectin
----------------------------

Obesity is known to closely correlate with changes in adipokines, such as leptin, a pro-inflammatory cytokine, and adiponectin, an anti-inflammatory cytokine. From P2W to P6W, serum leptin levels were significantly higher in the SL group than in the LL group ([Fig. 3A](#F3){ref-type="fig"}). During the test period, however, serum adiponectin levels were significantly lower in the SL group than in the LL group ([Fig. 3B](#F3){ref-type="fig"}). Taken together, juvenile obesity was paralleled by changes in adipokines that may aggravate the signs of atopic dermatitis.

Cytokine mRNA expression in skin
--------------------------------

Finally, we examined whether the upregulation of serum leptin associated with obesity would affect Th1/Th2 cytokine mRNA expression in the skin lesion of atopic dermatitis. Most cytokine mRNAs were markedly overexpressed in the SL group, when compared with the LL group (*P*\<0.001, Mann-Whitney rank sum test)([Fig. 4](#F4){ref-type="fig"}). In particular, TNF-α, IL-13, and IL-31 mRNA levels were more than 10-fold higher in the SL group than in the LL group. However, expression of mRNA for IL-4, the hallmark Th2 cytokine, in the SL group was downregulated by 46%, compared with the LL group (*P*\<0.01, Mann-Whitney rank sum test). There was no significant difference in IL-5 or IL-10 mRNA expression between the groups. Given the elevated levels of serum leptin and IgE ([Fig. 3](#F3){ref-type="fig"}), higher expressions of pro-inflammatory cytokines, such as IL-1β, TNF-α, IL-6, IL-31, and IL-33, in the SL group indicates that leptin promotes immune and inflammatory responses, leading to a worsening of atopic dermatitis.

DISCUSSION
==========

Using a rat model of atopic dermatitis, induced by neonatal capsaicin treatment, we showed that rats raised in small litters (the SL group) had heavier body weights and more severe dermatitis, as well as higher levels of serum IgE and skin NGF than rats raised in larger litters (the LL group). Additionally, the SL group demonstrated higher serum levels of leptin and lower serum levels of adiponectin than the LL group. To our knowledge, this is the first reported experimental study demonstrating a link between juvenile obesity and aggravation of the signs of atopic dermatitis.

Modifying the sizes of litters during the preweaning period is known to affect the growth of the pups.[@B17],[@B18] Animals raised in litters of 16 have significantly lower body weight than any smaller litter size (2 to 12).[@B10] The results of this study also demonstrate that rat pups in the SL group (5 pups) weighed heavier during a period of P2W to P6W than the LL group (15 pups). The difference in body weight is presumably due to the higher amount of breast milk available to the pups in the SL group vs the LL group. Childhood body weight in excess of 110% or 120% of age-matched normal controls is categorized as overweight or obese, respectively.[@B19] In the present study, the body weight of rat pups in the SL group was over 120% of those in the LL group from P2W to P6W; thus, following the criteria for children, we rated these rats as obese.

A high prevalence of atopic dermatitis has been reported in Europe and North America, as well as a striking increase in the prevalence in developing countries too.[@B20] To date, the cause(s) of this increase remain(s) unclear. Given that the prevalence of childhood obesity increased dramatically in most industrialized countries around the same time,[@B21] obesity has been hypothesized to increase the prevalence of atopic conditions.[@B22] However, while obesity seems to be a risk factor for asthma,[@B23],[@B24],[@B25],[@B26],[@B27],[@B28] few reports had demonstrated a positive relationship between obesity and other atopic conditions, such as allergic rhinitis and atopic dermatitis. Recently, several lines of clinical evidence have been reported that obesity in children is associated with an increased risk of atopic dermatitis.[@B6],[@B7],[@B29] In the present study, we also demonstrated that obese rats in the SL group showed more severe atopic dermatitis signs than the non-obese animals of the LL group.

Obesity induces dysregulation of adipokines such as leptin and adiponectin, leading to a low-grade chronic inflammation, known as metainflammation.[@B30] This, in turn, is thought to be associated with the pathogenesis of atopy through altered inflammatory or immune responses (i.e., immunological tolerance).[@B22] Leptin is structurally similar to pro-inflammatory cytokines, such as IL-2 and growth hormone 1, and thus may possess a pro-inflammatory action.[@B22] In fact, leptin has been shown to increase the expression of pro-inflammatory cytokines, especially TNF-α and IL-6, in many types of cells including adipocytes, macrophages and T lymphocytes.[@B31] An increase in leptin with obesity promotes the secretion of TNF-α, which, in turn, leads to increases in other pro-inflammatory cytokines such as IL-6 and TNF-α and reductions in anti-inflammatory cytokines, adiponectin.[@B32] Consistently, here, we showed that mRNA levels of pro-inflammatory cytokines in the skin lesions, including TNF-α and IL-6, which have been reported to be implicated in the pathogenesis of atopic dermatitis, were much higher in the obese atopic rats than those in the non-obese ones ([Fig. 4](#F4){ref-type="fig"}), suggesting that leptin may be linked to worsening inflammatory skin condition in the obese atopic rats. Leptin could also induce allergic inflammation by activation of eosinophils via an altered expression profile of chemokines and cytokines, and chemokinesis.[@B33] Thus, the serum level of leptin seems to be positively related to atopic dermatitis through its pro-inflammatory actions.[@B11],[@B12]

The present results demonstrate that obese rats in the SL group showing higher serum levels of leptin exhibited more severe signs of atopic dermatitis. Notably, the levels of serum IgE and skin NGF between the 2 groups were clearly differentiated for up to 2 weeks following neonatal capsaicin treatment, prior to the induction of macroscopic dermatitis, suggesting that these disparities could be a cause, not a consequence, of the difference in atopic dermatitis. In fact, the incidence of specific IgE positivity was 3 times higher in the obese group than in the non-obese group.[@B34] Furthermore, the positive correlations have been shown between serum levels of leptin and IgE, and between body mass index and atopic sensitization.[@B35],[@B36]

In contrast with leptin, several reports have demonstrated a negative correlation between the levels of adiponectin and pro-inflammatory markers, such as C reactive protein and tumor necrosis factor-α in metabolic diseases.[@B37],[@B38],[@B39] Additionally, adiponectin could relieve allergic inflammation and hyperresponsiveness,[@B13],[@B14] and, intriguingly, low plasma adiponectin levels in obese children have been associated with an increased prevalence of atopic dermatitis.[@B6] Consistently, in the present study, obese rats in the SL group demonstrated lower serum levels of adiponectin than the animals in the LL group. Together with previous reports, the decrease in immunological tolerance to antigens induced by juvenile obesity via the changes in leptin and adiponectin may play an important role in exacerbation of atopic dermatitis.

Studies in full-term human infants have shown that exclusive breastfeeding for at least 3 months, in fact, reduced the risk of atopic dermatitis compared with feeding cow milk in children with a family history of atopic dermatitis.[@B40] This suggests that there is likely to be a considerable protective effect of breast milk against atopic dermatitis. However, in the present study, rat pups in the SL group, which were overfed breast milk, suffered from more severe signs of atopic dermatitis than those in the LL group, which fed on a more limited amount of breast milk. Thus, although breast milk may confer protective effects against atopic dermatitis versus non-maternal milk, juvenile obesity induced by the overfeeding of maternal milk could exacerbate the signs of existing atopic dermatitis.

In conclusion, the decrease in immunological tolerance, evidenced by the increase in serum leptin and the decrease in adiponectin induced by juvenile obesity may be related to the aggravation of atopic dermatitis.

We thank Alexander J. Davies for editorial assistance. This study was supported by the National Research Foundation of Korea (NRF) funded by the Ministry of Education, Science and Technology (NRF-2012-0009675 and NRF-2013R1A1A2011913) and a Korea University Grant.

There are no financial or other issues that might lead to conflict of interest.

![Relationship between obesity and atopic dermatitis. (A) Body weight of pups reared in litters of 5 (small litters, SL group) and 15 (large litters, LL group). The body weights of the rats were compared between the SL and the LL groups from 1 to 6 weeks after neonatal capsaicin treatment. Data indicate means±SEM. ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001 (*t*-test), vs the LL group. (B) Comparison of body size between the SL and LL groups at 1, 2, and 3 weeks after neonatal capsaicin treatment. (C) Dermatitis score of pups reared in the SL and LL groups. The dermatitis score was compared between the SL and the LL groups from 1 to 6 weeks after neonatal capsaicin treatment. Data indicate means±SEM. ^\*\*\*^*P* \< 0.001 (*t*-test), vs the LL group. (D) Comparison of cutaneous lesions between the SL and LL groups at 5 weeks after neonatal capsaicin treatment.](aair-7-69-g001){#F1}

![Serum IgE (A) and skin NGF (B) of the SL and LL groups. Hyperproduction of serum IgE and skin NGF was observed in the SL group suffering from severe dermatitis vs the LL group. Data indicate means ± SEM. ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001 (*t*-test), vs the LL group.](aair-7-69-g002){#F2}

![Serum leptin (A) and adiponectin (B) in the SL and LL groups. Increases and decreases in leptin and adiponectin, respectively, were observed in the SL group showing more severe dermatitis than the LL group. Data indicate means ± SEM. ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001 (*t*-test), vs the LL group.](aair-7-69-g003){#F3}

![Expression of cytokine mRNA in the skin lesion of the SL and LL rats at 5 weeks of age. IL-1β, TNF-β, IL-6, IL-13, IL-31 and IL-33 mRNA levels were significantly higher in the SL group than in the LL group, whereas IL4 mRNA levels were lower in the SL group. There was no significant difference in IL-5 or IL-10 mRNA levels between the groups. Data are expressed in arbitrary units, as a fold-increase vs the LL group. ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001 (Mann-Whitney rank sum test).](aair-7-69-g004){#F4}
